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G. Schott,66 G. Vasseur,66 Ch. Yèche,66 M. Zito,66 M. V. Purohit,67 A. W. Weidemann,67 J. R. Wilson,67 F. X. Yumiceva,67

D. Aston,68 R. Bartoldus,68 N. Berger,68 A. M. Boyarski,68 O. L. Buchmueller,68 R. Claus,68 M. R. Convery,68

M. Cristinziani,68 G. De Nardo,68 D. Dong,68 J. Dorfan,68 D. Dujmic,68 W. Dunwoodie,68 E. E. Elsen,68 S. Fan,68

R. C. Field,68 T. Glanzman,68 S. J. Gowdy,68 T. Hadig,68 V. Halyo,68 C. Hast,68 T. Hryn’ova,68 W. R. Innes,68

M. H. Kelsey,68 P. Kim,68 M. L. Kocian,68 D. W. G. S. Leith,68 J. Libby,68 S. Luitz,68 V. Luth,68 H. L. Lynch,68

H. Marsiske,68 R. Messner,68 D. R. Muller,68 C. P. O’Grady,68 V. E. Ozcan,68 A. Perazzo,68 M. Perl,68 S. Petrak,68

B. N. Ratcliff,68 A. Roodman,68 A. A. Salnikov,68 R. H. Schindler,68 J. Schwiening,68 G. Simi,68 A. Snyder,68 A. Soha,68

J. Stelzer,68 D. Su,68 M. K. Sullivan,68 J. Va’vra,68 S. R. Wagner,68 M. Weaver,68 A. J. R. Weinstein,68 W. J. Wisniewski,68

M. Wittgen,68 D. H. Wright,68 A. K. Yarritu,68 C. C. Young,68 P. R. Burchat,69 A. J. Edwards,69 T. I. Meyer,69

B. A. Petersen,69 C. Roat,69 S. Ahmed,70 M. S. Alam,70 J. A. Ernst,70 M. A. Saeed,70 M. Saleem,70 F. R. Wappler,70

W. Bugg,71 M. Krishnamurthy,71 S. M. Spanier,71 R. Eckmann,72 H. Kim,72 J. L. Ritchie,72 A. Satpathy,72

R. F. Schwitters,72 J. M. Izen,73 I. Kitayama,73 X. C. Lou,73 S. Ye,73 F. Bianchi,74 M. Bona,74 F. Gallo,74 D. Gamba,74

C. Borean,75 L. Bosisio,75 C. Cartaro,75 F. Cossutti,75 G. Della Ricca,75 S. Dittongo,75 S. Grancagnolo,75 L. Lanceri,75

P. Poropat,75,x L. Vitale,75 G. Vuagnin,75 R. S. Panvini,76 Sw. Banerjee,77 C. M. Brown,77 D. Fortin,77 P. D. Jackson,77

R. Kowalewski,77 J. M. Roney,77 R. J. Sobie,77 H. R. Band,78 S. Dasu,78 M. Datta,78 A. M. Eichenbaum,78 M. Graham,78

J. J. Hollar,78 J. R. Johnson,78 P. E. Kutter,78 H. Li,78 R. Liu,78 A. Mihalyi,78 A. K. Mohapatra,78 Y. Pan,78 R. Prepost,78

A. E. Rubin,78 S. J. Sekula,78 P. Tan,78 J. H. von Wimmersperg-Toeller,78 J. Wu,78 S. L. Wu,78 Z. Yu,78

M. G. Greene,79 and H. Neal79

(BABAR Collaboration)

1Laboratoire de Physique des Particules, F-74941 Annecy-le-Vieux, France
2Dipartimento di Fisica and INFN, Università di Bari, I-70126 Bari, Italy
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We present a search for the decay B� ! �� ��� in a sample of 88:9� 106 B �B pairs recorded with the
BABAR detector at the Stanford Linear Accelerator Center B factory. One of the two B mesons from the
��4S� is reconstructed in a hadronic or a semileptonic final state, and the decay products of the other B in
041804-3
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the event are analyzed for consistency with a B� ! �� ��� decay. We find no evidence of a signal and set
an upper limit on the branching fraction of B�B� ! �� ����< 4:2� 10�4 at the 90% confidence level.

DOI: 10.1103/PhysRevLett.95.041804 PACS numbers: 13.20.He, 14.40.Nd, 14.60.Fg
In the standard model (SM) the leptonic decay B� !
�� ��� [1] proceeds via the annihilation of the b and �u
quarks into a virtual W boson. Its amplitude is thus pro-
portional to the product of the Cabibbo-Kobayashi-
Maskawa matrix [2] element jVubj and the B-meson decay
constant fB. The SM branching fraction is given by

B�B� ! �� ���� �
G2
FmB

8�
m2
�

�
1�

m2
�

m2
B

�
2
f2BjVubj

2�B

� �9:3	 3:9� � 10�5; (1)

where GF is the Fermi coupling constant, m� and mB are
the � lepton and B�-meson masses, and �B is the B� mean
lifetime. We have used �B � �1:671	 0:018� ps, jVubj �
�3:67	 0:47� � 10�4, and fB � �0:196	 0:032� GeV
(obtained from lattice QCD calculations) [3]. The branch-
ing fractions for e� ��e and �� ���B

� ! �� ��� are helicity
suppressed by factors of 
10�8 and 
10�3, respectively.
Physics beyond the SM, such as supersymmetry or two-
Higgs doublet models, could enhance B�B� ! �� ���� by
up to a factor of 5 through the introduction of a charged
Higgs boson [4].

A search for this decay is challenging due to the pres-
ence of at least two undetectable neutrinos in the final state.
No observation has been reported yet and the most strin-
gent published limit on the decay is B�B� ! �� ����<
5:7� 10�4 at the 90% confidence level [5].

The data used in this analysis were recorded with the
BABAR detector at the PEP-II asymmetric e�e� storage
ring. The sample consists of �88:9	 1:0� � 106 B �B pairs
(81:9 fb�1) collected at the ��4S� resonance (‘‘on reso-
nance’’) and 9:6 fb�1 collected about 40 MeV below the
B �B threshold (‘‘off resonance’’).

The BABAR detector is described in detail elsewhere [6].
Detection of charged particles and measurement of their
momenta are performed by a five-layer double-sided sili-
con vertex tracker and a 40-layer drift chamber, which
operate in a 1.5-T solenoidal magnetic field. A detector
of internally reflected Cherenkov light is used to identify
charged kaons and pions. Photons and electrons are de-
tected in an electromagnetic calorimeter consisting of an
array of CsI(Tl) crystals. Muons and neutral hadrons are
identified in the flux return, which is instrumented with
multiple layers of resistive plate chambers. A GEANT4-
based [7] simulation of the BABAR detector, including
machine backgrounds, is used to study signal event selec-
tion and background rejection.

We first select a sample of events with one B meson (the
tag B) reconstructed in a hadronic or a semileptonic final
state. The reconstruction constrains the kinematics and
reduces the combinatorics in each event. This is critical
04180
since at least two neutrinos result from the B� ! �� ���
decay. All the neutral and charged particles not used for the
tag B are assumed to come from the B meson recoiling
against it. We use two methods to search this recoil system
for evidence of a B� ! �� ��� signal.

In our first method, we reconstruct the tag B semilep-
tonically. The semileptonic B meson, Bs1, is reconstructed
as B� ! �D0‘��‘X, where ‘ � e, �, and X can be a �, �0,
or nothing. We select semileptonic B-decay events with
several missing particles (such as neutrinos) by requiring at
least one lepton with center-of-mass (c.m.) momentum
(j ~p�

‘j) above 1:0 GeV=c, zero event charge, a ratio of the
Fox-Wolfram moments [8] H2=H0 < 0:9, and missing
mass greater than 1:0 GeV=c2. Here, the missing mass is
determined by subtracting the total energy and momentum
of all reconstructed tracks and neutrals from the four-
momentum of the ��4S� system. We reconstruct �D0 me-
sons in the modes �D0 ! K���, K�������, K����0,
and K0

S�
��� and require their reconstructed masses to be

within 3 standard deviations of the observed mean. The
�D0 mesons are then paired with leptons with j ~p�

‘j>
1:0 GeV=c to form D‘ candidates. If the �D0 decay con-
tains a charged kaon, the lepton must have the same charge
as the kaon. The �D0 and lepton are required to originate
from a common vertex, but we do not mass constrain the
vertex fit. We assume that the only missing particle is a
neutrino and calculate the cosine of the angle between the
momentum vectors of the D‘ candidate and the B meson,

cos�B;D‘ 
2E�

beamE
�
D‘ �m2

B �m2
D‘

2
�������������������������
E�2
beam �m2

B

q
j ~p�

D‘j
: (2)

The c.m. energy and momentum of the D‘ candidate are
E�
D‘ and ~p�

D‘, respectively. The B-meson energy is taken to
be the beam energy, E�

beam. Calculated values of cos�B;D‘
may lie outside the physical range for events where the D‘
candidate did not arise as presumed, or due to detector
energy and momentum resolution. We place an asymmetric
restriction on this variable, �2:5< cos�B;D‘ < 1:1, to ad-
mit �D�0 states where additional decay products are present.
If there is more than one acceptable D‘ candidate, we
choose the one whose �D0 mass is closest to the mean of
the fitted distribution.

After identifying the Bs1, the remaining particles are
required to be consistent with B� ! �� ���, where �� !
e� ��e�� or �� �����. Exactly one track with a small impact
parameter relative to the primary vertex must remain. The
track must have p� < 1:2 GeV=c, and must be identified as
either an electron or a muon. We reject e�e� ! ����

events by restricting the angle of the track with respect to
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the event thrust axis (j cos� ~p; ~Tj< 0:9) and the minimum
invariant mass constructible from any triplet of tracks in
the event (Mmin

3 > 1:5 GeV=c2). In general, continuum
events tend to peak sharply at j cos� ~p; ~T j � 1, and ����

events, in particular, tend to peak at values of Mmin
3 below

the � mass.
The signal yield in the data is determined using the

distribution of the total energy deposited in calorimeter
clusters (with a minimum energy of 0.020 GeV) by neutral
particles not associated with the �D0 decay in the semi-
leptonic Bs1 candidate, Eextra (Fig. 1). This variable peaks
near zero for signal, while for background it rises with
increasing Eextra. For Eextra < 1:0 GeV, we find from
Monte Carlo simulations a signal efficiency of �4:77	
0:35� � 10�4 and a background estimate of 124	 7
events.

The signal efficiency quoted above is determined us-
ing a detailed signal simulation. We study the differences
between simulation and data in the semileptonic B recon-
struction, neutral-energy reconstruction, and lepton identi-
fication to derive an efficiency correction. The most
significant effect comes from the Bs1 reconstruction effi-
ciency, and is determined using a sample of events in data
and Monte Carlo simulations where both B mesons are
reconstructed as B ! D‘�X. The total efficiency correc-
tion from all sources is determined to be 0:878	 0:076,
and the corrected signal efficiency is �4:19	 0:31stat 	
0:36syst� � 10�4.

Probability density functions (PDFs) are constructed
from the Eextra distributions in signal [F�Eextra�s] and back-
ground [F�Eextra�b] simulations. The Eextra distribution for
signal events is modeled as the sum of an exponential and
two Gaussian distributions. The double-Gaussian models
signal events where the X in B� ! �D0‘��‘X is a �0 or
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FIG. 1 (color online). The distribution of Eextra after applying
all selection criteria. The fit to the data and its components are
also shown. The background is normalized to the data luminos-
ity, and the signal simulation is normalized arbitrarily.
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photon with a characteristic energy around 0.15 GeV. The
exponential models signal events where such neutral par-
ticles are absent. To model background, as determined
from Monte Carlo simulations, we use a third-order poly-
nomial. The PDFs are combined into an extended maxi-
mum likelihood function,

L �s� b� 
e��s��b

n!

Yn
i�1

��sF�Ei�s ��bF�Ei�b�; (3)

where Ei is the Eextra in the ith event, n is the total number
of events in the data, and �s and �b are the signal and
background yields to be fitted in the data. Studies of the
choice of PDF parametrization and of variations in shape
suggest that the chosen PDFs yield a consistently conser-
vative limit for the upper bound of the branching fraction.
We fix the PDF shape parameters and fit the data (Fig. 1).
The fit yields 14:8	 6:3 signal events and 115:2	 11:8
background events. This signal yield has a statistical sig-
nificance of 2:3%.

We set a limit on the branching fraction at the 90%
confidence level (C.L.) using the ‘‘CLs method’’ described
in Refs. [9,10]. We define our statistical estimator Q to be
the fitted signal yield and compare the value of Q in data to
its value in a large number of experiments generated by
sampling the likelihood function over a range of signal
hypotheses. The uncertainty in the signal efficiency esti-
mate is included by assuming a Gaussian uncertainty in the
signal hypothesis. Using our fitted signal yield, efficiency,
and the total number of B mesons in the data sample we
determine that B�B� ! �� ����< 6:7� 10�4 (90% C.L.).
In the absence of signal, we expect to set an upper limit of
2:7� 10�4.

In our second method, we reconstruct the tag B candi-
date, Bhad, decaying into a set of purely hadronic final
states, B� ! �D���0X�. The �D�0 is reconstructed in the
mode �D0�0, and X� is a system of hadrons composed
of n1�

	 � n2K
	 � n3�

0 � n4K
0
S, where n1 � 1; . . . ; 5,

n2 � 0; 1; 2, n3 � 0; 1; 2, and n4 � 0; 1. Rejection of back-
ground processes is based on two kinematic quantities:
"E, the difference between the Bhad and beam energies,
and the beam-energy-substituted mass mES,

mES 
�������������������������������������������������������������
��s=2� ~p � ~pB�2=E2� � j ~pBj2

q
; (4)

where
���
s

p
is the total energy of the e�e� system in the c.m.

frame, and �E; ~p� and �EB; ~pB� are the four momenta of the
e�e� system and the Bhad, respectively, both in the labo-
ratory frame.

For each mode the mES distribution of the reconstructed
candidates with �0:1< "E< 0:08 GeV and mES >
5:21 GeV=c2 is fitted using the sum of a ‘‘Crystal Ball
function’’ [11] to model the signal component peaking at
mB and an ‘‘ARGUS function’’ [12] to model the contin-
uum and combinatorial B background. Figure 2 shows the
fit to the mES distribution for the Bhad candidates in data.
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TABLE I. Branching fraction (B) [3], efficiency ("i), expected
background (bi) with statistical and systematic errors, and ob-
served data candidates (ni) for each reconstructed �-decay mode.

Selection B�%� "i�%� bi ni

e�� 17:84	 0:06 3:4	 0:1 0:7	 0:4	 0:1 2
��� 17:37	 0:06 1:9	 0:1 0:9	 0:5	 0:1 0
�� 11:06	 0:11 2:6	 0:1 1:3	 0:6	 0:2 2
������� 9:52	 0:10 0:6	 0:1 4:3	 1:0	 0:3 4
���0� 25:41	 0:14 2:0	 0:1 10:0	 1:6	 1:3 7

All 81:20	 0:22 10:5	 0:2 17:2	 2:1	 1:3 15
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FIG. 2. Distribution of mES for the Bhad candidates in data. The
events lie in the region �0:1<"E< 0:08 GeV. The solid curve
shows the result of the fit with the sum of a Crystal Ball function
(dashed curve) and an ARGUS function (dotted curve).
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We define the signal region as �0:09< "E< 0:06 GeV
and mES > 5:27 GeV=c2. We define a sideband region,
5:21<mES < 5:26 GeV=c2, to provide a control sample
for studying continuum and combinatorial B background.
The yield in the signal region, determined from the fit, is
NBhad

� �167:8	 1:2stat 	 3:0syst� � 103. The error is
dominated by systematic uncertainty in the functional
form of the peak at mB.

We identify the � lepton using the following decay
channels: �� ! e� ��e��, ���� ���, ����, ���0��, and
��������. We require the charged particles to be iden-
tified as leptons or pions, as appropriate. Mode-specific
constraints are placed on the particles recoiling against the
Bhad. For the lepton and single-pion modes, we reject
events with �0 or K0

S mesons in the recoil. The event is
required to have zero charge and, in the recoil, at most one
photon candidate not associated with a �0. Events with
such a photon candidate are accepted only if 50<E� <
100 MeV (50<E� < 110 MeV for the �� ! e� ��e��,
���� ���, and ��� modes) in the laboratory frame.
Further requirements are made on the total missing mo-
mentum of the event, pmiss > 1:2 GeV=c ( > 1:4 GeV=c
for �� ! ���0��), the total momentum of the track(s) in
the parent-B rest frame (p�� > 1:2 GeV=c for �� !
����, p������ > 1:6 GeV=c for �� ! ��������),
and the invariant mass of two or three pions (0:60<
m�� < 0:95 GeV=c2 and 1:10<m��� < 1:60 GeV=c2

for �� ! ��������, 0:50<m���0 < 1:00 GeV=c2

for �� ! ���0��).
We use detailed Monte Carlo simulations to determine

for each �-decay channel the selection efficiencies "i
weighted by the corresponding branching fractions [3].
The systematic uncertainties in selection efficiency arise
from tracking efficiency, neutral reconstruction, particle
04180
identification, and �0 reconstruction. The total B� !
�� ��� selection efficiency (see Table I) is �10:5	 0:2�%.
Misreconstruction and contamination amongst the �-decay
channels are taken into account.

Continuum and combinatorial B background is deter-
mined by extrapolating the ARGUS function from the mES

sideband into the mES signal region. The background that
peaks in the mES signal region is determined from
Monte Carlo simulations of B�B� events. Events where
a B0 is incorrectly reconstructed as a B� provide a negli-
gible contribution.

We correct the expected background, bi, to take into
account possible dependencies of the fitted ARGUS shape
on a given discriminating variable (pmiss, invariant masses,
etc.). The correction factor for a given variable is the ratio
of the selected continuum and combinatorial background
events determined using two separate methods. In the first
method, we study the variable distribution for events in the
mES sideband reweighted by a unique ARGUS signal-to-
sideband ratio. In the second method, we use as reweight-
ing factors bin-dependent ratios. The systematic error on bi
is estimated as the deviation from unity of the total correc-
tion factor for each �-decay mode. The expected back-
ground and the total systematic uncertainty in each �-decay
channel is reported in Table I, along with the number ni of
selected candidates in data.

The systematic uncertainty in NBhad
(1.8%) is estimated

as the change in the yield in the signal region in Fig. 2 when
we use a double Gaussian as an alternative to the Crystal
Ball function. Other models for the signal or the back-
ground distribution result in negligible changes.

We observe a total of 15 B� ! �� ��� candidates, which
is consistent with the expected background of 17:2	
2:1stat 	 1:3syst events. The distribution of these events is
also consistent with background.

We determine the B� ! �� ��� branching fraction from
the number of signal candidates si expected for each
�-decay mode, where si  NBhad

B�B� ! �� ����"i. The
results for each decay channel are combined using the
estimator, Q. Here we define Q to be L�s� b�=L�b�,
where
4-6
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L�s� b� 
Ynch
i�1

e��si�bi��si � bi�ni

ni!
;

L�b� 
Ynch
i�1

e�bibnii
ni!

(5)

are the likelihood functions for signal-plus-background
and background-only hypotheses and nch is the total num-
ber of reconstructed �-decay channels.

Since we have no evidence of signal, we set an upper
limit on the branching fraction. The statistical and system-
atic uncertainties in the expected background are included
in the estimator Q by convolving the likelihood func-
tions with a Gaussian function having as the standard
deviation the combined statistical and systematic errors
in the background estimate [13]. We determine that
B�B� ! �� ����< 4:2� 10�4 (90% C.L.). In the absence
of signal, we expect to set an upper limit of 3:8� 10�4.

To combine the results from the statistically independent
hadronic and semileptonic samples, we first calculate the
likelihood ratio estimator, Q  L�s� b�=L�b�, using the
likelihood functions from each method. We create a
combined estimator from the product of the semileptonic
(Qs1) and hadronic (Qhad) likelihood ratio estimators, Q �
Qs1 �Qhad. The measured branching fraction, which is the
value that maximizes the likelihood ratio estimator, is
�2:3�1:5

�1:3� � 10�4. The lower 1 standard deviation bound
does not include zero because of the small excess of signal
events observed in the semileptonic analysis. Since this
value is compatible with a zero branching fraction, we set a
combined upper limit,

B �B� ! �� ����< 4:2� 10�4 �90%C:L:�: (6)

The semileptonic analysis does not contribute significantly
to the combined limit because of the observed small excess
of signal events. In the absence of signal, we expect a
combined upper limit of 2:8� 10�4.

We use Eqs. (1) and (6) and the measured value of jVubj
to set a limit on fB. We find fB < 0:510 GeV (90% C.L.).

In conclusion, we have searched for B� ! �� ��� in the
recoil of hadronic and semileptonic B decays. We have set
the most stringent upper limit to date on this process.
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